Introduction {#s1}
============

The prevalence of depression, a severe psychiatric disease, is constantly high worldwide to the extent that World Health Organization (WHO) estimates that Major Depressive Disorder (MDD) will be the second largest cause of disability in year 2020 (WHO, [@B72]). Major depression is characterized by a set of emotional and behavioral alterations, including persistent depressed mood and loss of interest or pleasure as core symptoms. Since cognitive symptoms are common among patients with MDD (Fava et al., [@B23]; Hammar and Ardal, [@B34]; Murrough et al., [@B52]; Lee et al., [@B42]; Millan et al., [@B50]), investigators have examined the nature of difficulties in cognitive functioning that are associated with depression such as attention (Landro et al., [@B41]; Ravnkilde et al., [@B61]; Porter et al., [@B60]; Lampe et al., [@B40]), processing speed (Ravnkilde et al., [@B61]; Hammar et al., [@B35]; Lampe et al., [@B40]), executive function (Naismith et al., [@B54]; Lampe et al., [@B40]) and learning and memory (Landro et al., [@B41]; Fossati et al., [@B24]; Ravnkilde et al., [@B61]; Porter et al., [@B60]; Vythilingam et al., [@B70]). A recent literature review e assessed abnormalities in neural circuits and cognition early in the course of MDD (Trivedi and Greer, [@B69]). Interestingly, cognitive deficits in memory and decision-making are detected early in the course of MDD and may be associated with structural abnormalities in the hippocampus or cortex (Trivedi and Greer, [@B69]). New antidepressant drug strategies that also target cognitive symptoms are needed to improve long-term outcomes, particularly functional recovery.

In order for basic research to provide potential advances in the field, it is critical to use animal models that present behavioral, neurochemical and brain morphological phenotype reminiscent of some symptoms of depression including cognitive impairments. A variety of studies have assessed cognitive disorders in anxiety or depression models in rodents (Patki et al., [@B59]; Richter et al., [@B62]). However, some of these only focused their work on a single aspect of learning and memory. Cognitive dysfunctions in Chronic Mild Stress-exposed rats (CMS) have been shown in several behavioral paradigms. For example, CMS induces spatial learning and memory impairments in the Morris water maze (MWM) test in mice (Song et al., [@B66]), recognition memory deficits in both rats (Orsetti et al., [@B57]) and mice (Elizalde et al., [@B21]) and suppression of fear extinction (Garcia et al., [@B25]). Similarly, maternal separation and social defeat models were employed to highlight spatial reference memory deficits (Couto et al., [@B13]; Patki et al., [@B59]).

Here, we performed a thorough characterization of cognitive performances in a neuroendocrine mouse model of depression based on a chronic CORT (David et al., [@B14]; Mendez-David et al., [@B48]). Given the multiple forms of learning and memory, we selected a range of cognitive behavioral paradigms that allows investigation of different memory systems including short-term episodic memory, associative memory and spatial reference learning and memory. Additional parameters such as cognitive flexibility and long-term memory were also evaluated in spatial memory tests.

Materials and methods {#s2}
=====================

Animals
-------

Eight to 10-weeks old male C57BL/6J mice (Janvier Labs, France) were maintained on a 12L:12D schedule and were housed 5 per cage. Food and water were provided *ad libitum*. All behavioral testing occurred during the light phase between 7 am and 7 pm and were conducted in compliance with animal cares guidelines and with protocols approved by the Institutional Animal Care and Use Committee (Council Directive \#87-848, October 19, 1987, Ministère de l\'Agriculture et de la Forêt, Service Vétérinaire de la santé et de la Protection Animale, permission \#92-256B to Denis J. David).

Drugs
-----

Corticosterone (4-pregnen-11b-diol-3 20-dione 21 hemisuccinate, CORT from Sigma-Aldrich, France) was dissolved in vehicle (0.45% hydroxypropyl-β-cyclodextrin, β-CD from Sigma-Aldrich, France). Corticosterone (35 μg/ml equivalent to 5 mg/kg/day) was delivered for 28 days in drinking water and continued when the behavioral tests were performed (David et al., [@B14]). Control animals received vehicle (β-CD) in drinking water during the entire experiment (Figure [1](#F1){ref-type="fig"}).

![**Experimental design**. In place of normal drinking water, grouped-housed male C57BL/6J mice were presented with vehicle (0.45% hydroxypropyl-β-cyclodextrin) or corticosterone (35 μg/mL). We performed a complete characterization of cognitive functions in four different cohorts of animals. The same animal was successively tested in the Open Field paradigm, the cognitive task (Novel object recognition test: cohort 1; One-trial contextual fear conditioning: cohort 2) and the Splash test. Cohort 3 and 4 were only tested for cognitive tasks (Morris water maze: cohort 3; Barnes maze: cohort 4).](fnbeh-08-00136-g0001){#F1}

Behavioral testing
------------------

Four different cohorts of mice were used to assess learning and memory performances in anxio-depressive animals. To prevent any confounding effects between cognitive tasks, each animal was subjected to only one type of learning and memory test. Fur coat state of the animals was scored weekly during the whole treatment period. The anxio-depressive-like phenotype induced by chronic corticosterone among the different cohorts was evaluated using the Open Field and the Splash tests, before and after the cognitive task, respectively. Details of emotional assessment are mentioned in Figure [1](#F1){ref-type="fig"}.

Cognitive performances were evaluated using behavioral tests measuring episodic (novel object recognition test, NORT), associative (one-trial contextual fear conditioning, CFC) and visuo-spatial (MWM; Barnes maze, BM) learning/memory. Animals were placed in the experimental room 30 min before the start of the behavioral experiments.

Anxiety and depression behavior paradigms
-----------------------------------------

### Fur coat state

The score corresponding to the state of the coat resulted from the sum of the score of five different body parts: head, neck, dorsal/ventral coat, tail and fore-/hind paws. For each body area, a score of 0 was given for a well-groomed coat and 1 for an unkempt coat (Surget et al., [@B68]; David et al., [@B14]).

### Open field

Motor activity was quantified in 43 × 43 cm plexiglas open field boxes (MED Associates, Georgia, VT). Two sets of 16 pulse-modulated infrared photobeams were placed on opposite walls 2--5 cm apart to record x-y ambulatory movements. Activity chambers were computer interfaced for data sampling at 100 ms resolution. The computer defined grid lines that divided each open field into center and surround regions, with each of four lines being 11 cm from each wall. Time in the center was recorded for 30 min to evaluate anxiety-related behavior. The locomotor activity was quantified as total ambulatory distance.

### Splash test

Splash test was performed as previously described (David et al., [@B14]). This test consisted in squirting a 10% sucrose solution on the mouse\'s snout. The grooming duration was then recorded over a 5 min period.

Cognition behavioral paradigms
------------------------------

### Episodic short-term memory: novel object recognition test

The procedure was adapted from the Sahay study (Sahay et al., [@B64]). The apparatus consisted in black plastic boxes (28 × 41 × 18 cm) slightly filled with sawdust (≈0.5--1 cm thickness) in a room with a low level of light. Locomotor activity was controlled during the entire experiment (parameter: ambulatory distance) using a videotracking procedure (ANY-maze Software, Bioseb, France). Objects exploration was hand-scored by an experimenter.

The NORT was divided into 4 training sessions and one test session. Each exposure lasted 5 min with a 3-min inter-trial interval. Between each trial, mice returned to their home cage, bedding of apparatus was changed and boxes were cleaned with 70% ethanol solution. During training sessions, two identical objects \[cylindrical glassware (∅:3 cm, height: 8 cm) filled with white cotton, (Figure [2D](#F2){ref-type="fig"})\] were present in the box. The mouse was placed in the middle of the box facing the wall and was allowed to freely explore the apparatus and the objects. During the test session, one of the familiar objects was removed from the cage and replaced by a novel object \[Lego® rectangular structure (7 × 3 × 9 cm), (Figure [2D](#F2){ref-type="fig"})\]. The objects had been previously validated to ensure there was no inherent preference for either object (data not shown). The nature (Lego® vs. glass) and the position of the novel object (left vs. right) were chosen randomly.

![**Short-term episodic memory is altered in CORT-treated mice in the novel object recognition test**. Schematic diagram of the NORT experimental time course **(A)**. Mice were exposed to 2 identical objects during 4 sessions (5 min each) with an intertrial interval (ITI) of 3 min. During the 5thexposure, one familiar object (F) was removed and replaced with a novel object (N) different in shape, color, and texture. Exploration time **(B)** and exploration frequency **(C)** of the novel and the familiar objects were measured during the test session. The exploration time was also expressed in percent of both novel object and familiar object **(D)**. The red line indicates the chance level. Discrimination index **(E)** of each animal was calculated (see Materials and Methods). Values are mean ± s.e.m., *n* = 20 animals per group ^\*\*^*p* \< 0.01 vs. vehicle group. ^\#^*p* \< 0.05; ^\#\#^*p* \< 0.01 vs. novel object of the group.](fnbeh-08-00136-g0002){#F2}

Object exploration was defined as the orientation of the nose to the object at a distance ≤ 2 cm. Placing the forepaws on the objects was considered as exploratory behavior, but climbing on the objects was not. Objects were cleaned with 70% ethanol between trials to avoid olfactory cues. Results for this test were expressed as: (1) exploration of each object (in seconds) during training and test sessions(2) exploration (in percent) of each object during the test session, calculated as time spent exploring familiar or novel object divided by total time spent exploring both objects and (3) a discrimination index (DI) between objects during the test session, calculated as the difference between the time spent exploring the novel object (N) and the familiar object (F) divided by the total time exploring both objects (DI = (N--F)/(N+F)).

### Associative memory: one-trial contextual fear conditioning

Fear conditioning was conducted in StartFear Combined system from Harvard apparatus (Bioseb, France) in chambers with internal dimensions of 25 × 25 × 25 cm. The chambers had metal walls on each side, clear plastic front and back walls and ceilings, and stainless steel bars on the floor. A house light mounted directly on the side of the chamber provided illumination. Each chamber was located inside a larger, insulated, plastic cabinet (67 × 53 × 55 cm) that provided protection from outside light and noise. Each cabinet contained a ventilation fan that was operated during the sessions. Mice were held outside the experimental room in their home cages prior to testing and transported to the conditioning apparatus individually in standard mouse cages. Training chambers were cleaned with 70% ethanol solution before and after each trial to avoid any olfactive cues. The experimental design was adapted from previous studies (Drew et al., [@B18]) and ran over two consecutive days. On Day 1, mice were placed in the conditioning chamber and 3 min later received one shock (2 s, 0.75 mA). Mice were removed from the chamber 15 s after the shock. On Day 2, animals returned to the conditioning chamber for a 4-min period in the exact same conditions of Day 1, but without electrical shock, for a test of context-elicited freezing. Scoring was measured using Freezing software version 2.0.04 (Packwin, Harvard apparatus, Bioseb, France). The StartFear system allows recording and analyzing the signal generated by the animal movement through a high sensitivity weight transducer system. The behavior of mice was also recorded with digital video cameras mounted above the conditioning chamber.

### Spatial reference learning and memory: morris water maze and barnes maze

***Morris water maze***. The MWM procedure was adapted from (Sahay et al., [@B64]). The apparatus consists in a circular pool (∅: 122 cm, height: 50 cm) filled with 30 cm-depth water maintained at 22--23°C and made opaque by addition of white milk powder. The maze was divided into four quadrants (North, South, West, and East). Mice learned to locate an unmarked submerged platform in a pool devoid of intramaze cues. Geometrical extra cues were surrounding the maze to generate spatial learning. The escape platform (∅: 10 cm; height: 30 cm) was placed in the target quadrant (North), 1 cm above the surface of water during the pre-training session and 1 cm below the water surface during the other sessions. The MWM task was performed with three successive steps (Figure [4A](#F4){ref-type="fig"}). The pre-training phase (1 session, 3 trials, Day 0) allowed mice to accustom to the pool and the visible platform placed in clear water. The acquisition phase was divided into 4 training sessions (Day 1--4) and one probe trial (Day 5). During training sessions, the platform was hidden to develop spatial learning. Each mouse received three 60-s trials per day with 60 s inter-trial intervals. The starting points were semi-randomized so that each trial started from a different quadrant. Between each trial, the mouse had to remain on the platform during 60 s. If the mouse did not find the platform within 60 s, the experimenter gently guided the animal to the platform. In this case, 60 s was recorded as the escape latency. A 60-s probe session (Day 5), during which the platform was removed, was performed 24 h after the last trial of the learning period.

The same procedure was applied for the reversal phase in which the hidden platform was located in the opposite quadrant (South) during training sessions (Day 8--11). The platform was removed in the 2nd probe trial (Day 12) to assess spatial retention.

Time spent in target and opposite quadrants, latency to cross the platform zone for the first time and the number of entries in the platform zone were recorded. Mouse movement was measured using a video tracking system and analyzed by ANY-maze Software to record latency, distance and pathways to reach the escape platform through all the sessions.

***Barnes maze***. The BM procedure was modified from a previous work (Sunyer et al., [@B67]). The apparatus consisted in a clear gray circular platform (∅: 92 cm, height: 100 cm; Bioseb, France) with 20 equally spaced holes (∅: 5 cm) located 2 cm from the border. In this open environment, mice naturally seek a dark enclosed surrounding place, provided by a black goal box (20 × 9 × 9 cm) located beneath one of the holes. During training sessions, the 19 other holes are closed. From the surface of the maze, the open escape hole looks identical to the closed holes so that the mice can locate the target box only with the spatial extra cues surrounding the maze. Similarly to the MWM test, the circular platform was virtually divided in 4 zones (including the target quadrant with the escape hole and the opposite quadrant). To reduce anxiety behavior, mice were habituated to the platform and the target box on the day before the beginning of the experiment.

Each trial began by placing the animal in a black starting cylinder (∅: 8 cm, height: 12.5 cm) at the center of the platform that was removed after 10 s, allowing mice to freely explore the apparatus. Spatial acquisition was organized in 4 training sessions (Day 1--4, Figure [5A](#F5){ref-type="fig"}). Each training session consisted in four 3-min trials, with 20 min inter-trials interval during which animals returned to their home cage. Mice that failed to find the target box within 3 min were gently guided to its location. For those mice, 180 s were recorded as the escape latency. All animals remained in the target box for 60 s after entering.

All trials were recorded by a camera and analyzed by ANY-maze Software. The following parameters were scored during all training trials: primary latency, latency to escape, primary errors and total errors. Primary latency was defined as the time required for mice to make initial contact with the target hole. Latency to escape was defined as the time it took animals to completely enter in the target box (all 4 paws out of the platform). Primary errors were defined as the number of holes visited before the first contact with the target hole and total errors were defined as the total number of holes visited during the trial that did not lead to the target box. A hole was considered visited when mice tilted their head over it (nose poke) or introduced their paws into the hole.

On Day 5, reference short-term memory was evaluated by a probe trial (90 s) during which the target box was removed and the target hole was closed. Mice were allowed to explore the maze and to visit the target hole and the adjacent holes. Latency to reach the target hole for the first time, number of errors before reaching the target hole, distribution of visits among all holes and time spent in each quadrant were recorded. On Day 12, mice were once again submitted to a probe trial (recall) in the same conditions as Day 5 to evaluate long-term retention. No training occurred between Days 5 and 12.

Statistics
----------

Results from data analyses were expressed as mean ± s.e.m. Statistical analyses were processed with Statview 5.0® Software (SAS Institute, Cary, NC). For all experiments, comparisons between CORT-treated and control animals were performed by using *t*-tests. One-Way ANOVA with repeated-measures and Two-Way ANOVA were applied to the data when appropriate. Significant main effects and/or interactions were followed by Fisher\'s PLSD *post-hoc* analysis. One sample *t*-tests were used to compare the percent of time exploring the novel object vs. the chance level (50%) in the NORT and the time spent in the target quadrant vs. the chance level (25%) in the MWM and BM tests. For the latency to cross the platform in reversal phase, we used the Kaplan-Meier survival analysis due to the lack of normal distribution of the data. Mantel-Cox log-rank test was used to evaluate differences between experimental groups. Statistical significance was set at *p* \< 0.05. A summary of statistical measures is included in Supplemental Table [1](#SM1){ref-type="supplementary-material"}.

Results {#s3}
=======

The consequences of an anxious/depressed-like state on episodic, associative or spatial memory were tested in the NORT, the CFC, the MWM, and the BM, respectively.

Long-term glucocorticoid exposure induced physiological changes such as an altered body weight (Figure [S1A](#SM1){ref-type="supplementary-material"}) (*p* \< 0.01) and physical changes including deterioration of coat state (Figure [S1B](#SM1){ref-type="supplementary-material"}) similarly to chronic stress (Surget et al., [@B68]). This measure has been described as a reliable and well-validated index of a depressed-like state (Griebel et al., [@B31]; Santarelli et al., [@B65]). CORT-treated mice developed an anxiety-like phenotype in the Open Field test, characterized by a decrease in time spent in the center compared to control mice (*p* \< 0.05, Figure [S1C](#SM1){ref-type="supplementary-material"}), but no modification of total ambulatory distance (*p* \> 0.1, Figure [S1D](#SM1){ref-type="supplementary-material"}). We then investigated whether the deterioration of the coat state was linked to changes in grooming behavior. In the Splash test, we observed a decrease in grooming duration after squirting a 10% sucrose solution on the mouse\'s snout (*p* \< 0.01, Figure [S1E](#SM1){ref-type="supplementary-material"}). Taken together, our results confirm through various behavioral readouts that mice displayed an anxiety/depression-like phenotype induced by an excess of glucocorticoids.

Chronic corticosterone impaired episodic memory in the novel object recognition test
------------------------------------------------------------------------------------

The NORT procedure was conducted 4 weeks after the start of the corticosterone treatment (see Figures [1](#F1){ref-type="fig"}, [2A](#F2){ref-type="fig"}). Control mice showed a novel object preference illustrated by an increase in exploration duration and exploration frequency (Figures [2B,C](#F2){ref-type="fig"}) of the novel object compared to the familiar one. Although the novel object investigation duration was not higher in CORT-treated mice compared to controls, the number of visits of the novel object was significantly increased in comparison to the familiar object (Figures [2B,C](#F2){ref-type="fig"}). Taking these data together, both experimental groups showed a novel object preference characterized by an increase in its relative exploration time (*p* \< 0.01 vs. the chance level 50% for each group, Figure [2D](#F2){ref-type="fig"}), with a greater distinction for the novel object in control animals than CORT-treated animals (*p* \< 0.01, Figure [2D](#F2){ref-type="fig"}). Consequently, CORT-treated mice showed a significant decrease in discrimination index compared to control mice (*p* \< 0.01, Figure [2E](#F2){ref-type="fig"}), reflecting a reduction of episodic retention. It is unlikely that this effect was the consequence of a change in objects exploration time (*p* \< 0.05, Figure [S2A](#SM1){ref-type="supplementary-material"}) because locomotor activity did not differ between groups across sessions (*p* \> 0.05, Figure [S2B](#SM1){ref-type="supplementary-material"}).

Then, we assessed whether associative memory was active in CORT-treated mice using an hippocampal-dependent task, the one-trial CFC.

Altered associative memory after a chronic corticosterone administration in the one-trial contextual fear conditioning
----------------------------------------------------------------------------------------------------------------------

In the context-elicited fear following training, CORT-treated animals exhibited significantly less freezing than the control animals along the test (*p* \< 0.01, Figures [3A,B](#F3){ref-type="fig"}). These data are in favor of an impairment of the associative memory in CORT-treated animals. As a validation of the experiment, freezing was measured before and after the shock on Day 1. The shock induced an increase in the freezing in both groups of animals (*p* \< 0.01, Figure [S3](#SM1){ref-type="supplementary-material"}). Similarly, no difference occurred between CORT-treated and control animals before or after the shock (*p* \> 0.05, Figure [S3](#SM1){ref-type="supplementary-material"}).

![**Associative memory is impaired in CORT-treated mice in one-trial contextual fear conditioning**. Contextual fear conditioning was produced by placing a mouse in the conditioning chamber and delivering one footshock 180 s later. Mice were returned to the conditioning chamber 24 h later to assess for context-elicited freezing. During Day 2, context-elicited freezing was analyzed for each minute of the test (ANOVA with repeated measures) **(A)** and during the whole session **(B)**. Values are mean ± s.e.m., *n* = 5--7 animals per group ^\*\*^*p* \< 0.01 vs. vehicle group.](fnbeh-08-00136-g0003){#F3}

Then, to determine the consequences of a chronic CORT treatment on spatial learning and memory performances, mice were submitted the hippocampal-dependent MWM or the BM. Learning was evaluated in both tests through an acquisition phase (Day 1--4) followed by a probe trial (Day 5) to assess short-term retention (Figures [4A](#F4){ref-type="fig"}, [5A](#F5){ref-type="fig"}).

![**Chronic corticosterone affects spatial learning performances, short-term memory and cognitive flexibility in the Morris water maze**. Schematic diagram of the MWM experimental time course **(A)**. After a pre-training phase (day 0), the MWM protocol was divided into 2 phases. Each phase includes a 4-day learning period followed by a probe session without the platform. During acquisition, mice learned to locate the platform in the target quadrant (North) then have to locate the platform in the opposite quadrant (South) during reversal. During acquisition, learning was expressed as the latency **(B)** and the total distance traveled **(C)** to reach the hidden platform during training sessions (Day 1--4). Short-term memory was assessed during the probe test in Day 5 by measuring the time spent into the target and the opposite quadrants **(D)**, the latency to first cross the platform zone **(E)** and the number of entries in the platform zone **(F)**. During reversal, learning, and cognitive flexibility were expressed as the latency **(G)** and the total distance traveled **(H)** to reach the hidden platform during training sessions (Day 8--11). Cognitive flexibility was assessed during the probe trial in Day 12 by measuring the time spent into the target and the opposite quadrants **(I)**, the latency to first cross the platform zone **(J)** and the number of entries in the platform zone **(K)**. Values are mean ± s.e.m., *n* = 10--15 animals per group; ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01 vs. vehicle group. The dotted-line indicates the chance level.](fnbeh-08-00136-g0004){#F4}

![**Chronic corticosterone affects spatial learning performances and memory in the Barnes maze**. Schematic diagram of the of the BM experimental time course **(A)**. Animals were trained during 4 days to learn the location of the target box. A first probe trial estimates short-term memory (Day 5). A second probe trial (recall) estimates long-term memory (Day 12). During acquisition (Day 1--4), learning was monitored by recording primary latency during the training sessions **(B)**. During the first probe trial (Day 5), the target box was removed and the target hole was closed. Short-term memory retention was evaluated by measuring the time spent into the target and the opposite quadrants **(C)**, the primary latency **(D)** and the number of visits in the target hole **(E)**. Mice were not trained from Day 6 to 11. During the recall trial, spatial long-term memory was assessed by measuring the time spent into the target and the opposite quadrants **(F)**, the primary latency **(G)** and the number of visits in the target hole **(H)**. Values are mean ± s.e.m., *n* = 10--13 animals per group; ^\*^*p* \< 0.05; ^\*\*^*p* \< 0.01 vs. vehicle group.](fnbeh-08-00136-g0005){#F5}

Chronic corticosterone impaired learning, memory and cognitive flexibility in the morris water maze
---------------------------------------------------------------------------------------------------

### Morris water maze pre-training phase

Motivational behavior to swim was controlled by measuring latency and distance to reach the visible platform during the pre-training phase. The latency for control and CORT-treated mice i.e., 37.5 ± 2.59 and 38.99 ± 2.87 s, respectively, or the distance: 11.53 ± 1.43 and 10.46 ± 1.22 m for control and CORT-treated mice, respectively, did not differ between groups (*t*-test on latency *p* = 0.70; distance *p* = 0.57) indicating no difference in motivational behavior between these groups (Figures [S4A,B](#SM1){ref-type="supplementary-material"}).

### Morris water maze acquisition

In the MWM, in contrast to the first 3 days of the acquisition, an increase in latency to reach the hidden platform (*p* \< 0.01, Figure [4B](#F4){ref-type="fig"}) and an increase in path length to reach the platform (*p* \< 0.01, Figure [4C](#F4){ref-type="fig"}) were observed on Day 4 in the CORT-treated animals in comparison to controls. Overall, an anxio/depressed-like state in mice affected spatial learning performance.

### Morris water maze probe trial 1

Following training sessions, mice were subjected to a probe trial on Day 5 to assess short-term spatial memory. Both groups showed a preference for the target quadrant compared to the chance level (*p* \< 0.01, Figure [4D](#F4){ref-type="fig"}), but CORT-treated mice showed a statistically significant increase in the time to cross the platform for the first time (*p* \< 0.05, Figure [4E](#F4){ref-type="fig"}) and a decrease in the entries in the initial platform target zone (*p* \< 0.05, Figure [4F](#F4){ref-type="fig"}) compared to control animals.

Taken together, these results reveal that CORT treatment affects short-term spatial retention in the MWM.

### Morris water maze reversal

To test cognitive flexibility, the platform was moved from the target quadrant (North) to the opposite quadrant (South). Mice were then trained during 4 days (Day 8--11) to learn the new location of the hidden platform. Interestingly, from Day 9 to 11, the latency to reach the new location of the platform was significantly increased in CORT-treated mice compared to control group (*p* \< 0.01, Figure [4G](#F4){ref-type="fig"}) without affecting the distance traveled to reach the platform (*p* \> 0.1, Figure [4H](#F4){ref-type="fig"}). However, a significant interaction revealed a decrease in the latency to reach the platform in CORT-treated mice on Day 8 and an increase in this latency on Day 11 (*p* \< 0.05 and *p* \< 0.01, respectively). We also measured the time spent in the former target quadrant (North) during the 2 first days of the reversal protocol (Day 8--9) (Figure [S4C](#SM1){ref-type="supplementary-material"}). On Day 8, both groups spent significantly more time in the former target quadrant (*p* \< 0.05 vs. the chance level 25%). In contrast, on Day 9, unlike control animals, CORT-treated mice still spent significantly more time in the former target quadrant (*p* \< 0.05).

These data suggest that more than an impairment of spatial learning, cognitive flexibility is altered in CORT-treated mice as they failed to adapt their behavior to learn a new platform location.

### Morris water maze probe trial 2

Following the reversal period, all animals were submitted to a probe trial on Day 12, during which CORT-treated mice failed to use extra cues to find the platform location. Unlike probe trial on Day 5, CORT-treated mice did not show preference for the target quadrant in comparison to control animals (*p* \< 0.01, Figure [4I](#F4){ref-type="fig"}). Furthermore, an increase in the time to cross the platform for the first time (*p* \< 0.01, Figures [4J](#F4){ref-type="fig"}, S4D) associated with a decrease in the number of entries in the new target zone was also observed in our anxio/depression-like mouse model (*p* \< 0.01, Figure [4K](#F4){ref-type="fig"}).

Chronic corticosterone impaired learning, memory and long term retention in the barnes maze
-------------------------------------------------------------------------------------------

The BM presents similarities to the MWM, assessing spatial learning performance, but without strong aversive stimuli.

### Barnes maze acquisition

Previous spatial learning impairments observed in the MWM were confirmed in the BM. Indeed, an overall decrease in the primary latency (latency to first reach the target hole) was observed during the 4 training days in both groups, but CORT-treated animals segregate from control animals, starting at Day 2, with an increase in the time to identify the target hole (*p* \< 0.01, Figure [5B](#F5){ref-type="fig"}), an increase in the time to escape into the target box (*p* \< 0.01, Figure [S5A](#SM1){ref-type="supplementary-material"}) and a greater number of errors committed (*p* \< 0.01, Figures [S5B,C](#SM1){ref-type="supplementary-material"}).

These data suggest that spatial learning performances are altered by a chronic CORT treatment in this spatial test.

### Barnes maze probe trial

On Day 5, short-term spatial memory was evaluated by a probe trial. CORT-treated mice spent significantly less time in the target quadrant and more time in the opposite quadrant compared to vehicle animals (*p* \< 0.01, Figure [5C](#F5){ref-type="fig"}). Similarly to what we observed in the MWM, an impairment of short-term memory was observed in the BM, with an increase in primary latency, a decrease in the number of visits in the target hole and an increase in primary errors (*p* \< 0.01, Figures [5D,E](#F5){ref-type="fig"}, S5D). The analysis of the distribution pattern of visits finally confirmed that CORT-treated mice displayed lower spatial memory performances in this test compared to controls (*p* \< 0.01, Figure [S5E](#SM1){ref-type="supplementary-material"}).

### Barnes maze recall probe trial

Long-term memory was evaluated in CORT-treated and control mice, a week after the acquisition phase, in similar conditions than the first probe trial.

Unlike controls, CORT-treated mice were not able to find the location of the target hole. Indeed, the time spent in the target quadrant was significantly lower than controls (*p* \< 0.01, Figure [5F](#F5){ref-type="fig"}) and not different from the chance level 25% (*p* \> 0.1). A significant increase in primary latency and a significant decrease in the number of visits of the target hole (*p* \< 0.05 and *p* \< 0.01, respectively, Figures [5G,H](#F5){ref-type="fig"}) support that CORT-treated mice long-term retention could be affected, despite their acquisition learning difficulties previously demonstrated (Figure [5B](#F5){ref-type="fig"}).

Discussion {#s4}
==========

Our study showed that in a neuroendocrine-based model of depressive-like behavior, not only emotion-related behavior is impacted, but chronic CORT also has a detrimental effect on cognitive performances, including short-term episodic memory, spatial reference learning and memory and associative memory. Indeed, these series of experiments yielded two main results: mice with an anxious-depressed-like phenotype showed (1) a deficit in learning and cognitive flexibility, (2) an impairment of short- and long-term memory.

Impaired visuo-spatial learning and cognitive flexibility in anxious-depressed-like mice
----------------------------------------------------------------------------------------

### Visuo-spatial learning is impaired in anxious-depressed-like mice

Our study demonstrates that chronic administration of CORT in mice has a dramatic influence on learning in visuo-spatial paradigms such as the BM and the MWM. As shown in our prior studies (David et al., [@B14]; Mendez-David et al., [@B48]), no changes in the locomotor activity could account for this effect, as the total ambulatory distance swam in the MWM was similar between groups. The finding that chronic CORT administration causes spatial learning deficits is consistent with previous reports in rats (Bodnoff et al., [@B5]; McLay et al., [@B47]; Coburn-Litvak et al., [@B11]).

Associative learning was also affected after chronic CORT administration. Twenty-four hours after a first exposure to the stressor, CORT-treated animals froze less than controls in the CFC. The learning that underlies this test typically includes two distinct processes: (1) the acquisition of a mental representation of the context and (2) an association between the context representation and the unconditioned stimulus representation (Rudy et al., [@B63]). CFC with a single context-shock pairing is an adult hippocampal neurogenesis-dependent task, sensitive to the X-irradiation-induced blockade of neurogenesis (Denny et al., [@B16]). Our findings suggest that CORT-induced deficit in context conditioning may be related to a decrease in cell proliferation of progenitor cells in the dentate gyrus in adult hippocampus that may impede the acquisition of the context representation. Indeed, previous works demonstrated that chronic CORT exposure induces similar effects than a chronic stress on cell proliferation, decreasing the number of BrdU-positive cells in the dentate gyrus of the adult mouse hippocampus (Surget et al., [@B68]; David et al., [@B14]).

Other hippocampal subregions may participate to the deleterious effects of chronic CORT. For instance, CORT-treated animals also showed decrease in hippocampal CA3 branch points and total dendritic length in the apical tree that would be causally related with the learning impairment (Bisagno et al., [@B4]). This effect is shared with those of chronic stress procedures, which have been repeatedly found to produce an atrophy of apical dendrites of CA3 hippocampal pyramidal neurons (Watanabe et al., [@B71]; Magarinos and McEwen, [@B44]) as well as learning impairments in hippocampus-dependent tasks.

### Cognitive flexibility is altered in anxious-depressed-like mice

Cognitive flexibility is an important executive function involving the ability to change a previously learned behavior in response to changes in environmental feedback. Rodents exposed to chronic stress also show reduced cognitive flexibility in attentional set-shifting and reversal learning tasks (Cerqueira et al., [@B9], [@B8]; Bondi et al., [@B6]), an effect that can be alleviated after acute or subchronic antidepressant treatments (Bondi et al., [@B6]; Nikiforuk and Popik, [@B56]; Naegeli et al., [@B53]). In the MWM, we found similar evidence of loss of cognitive flexibility in our model. Indeed, CORT-treated animals failed to adapt their behavior to learn the new location of the platform, after switching it from the target to the opposite quadrant. Interestingly, in a mouse model of constitutively suppressed adult neurogenesis, the Cyclin D2 knockout mice, impairment in re-learning in the MWM was observed (Garthe et al., [@B26]). Moreover, re-learning the platform position in an already known general context after goal reversal could requires pattern separation (Wiskott et al., [@B73]), a process that can be stimulated with increased neurogenesis (Sahay et al., [@B64]). While this hypothesis was not tested here, we can hypothesize that reduced cognitive flexibility in CORT-treated animals may be linked to changes in adult hippocampal neurogenesis observed in this model.

Impaired short-term and long-term memory in anxious-depressed-like mice
-----------------------------------------------------------------------

There has been a growing awareness that mood disorders are associated with distinct patterns of cognitive impairments (Clark, [@B10]; Gotlib and Joormann, [@B29]). In this study, episodic (NORT), associative (CFC) and visuo-spatial (MWM and BM) memory were assessed in our model of anxiety-depression in mice.

HPA axis hyperactivation leads to negative effects on memory processes (Song et al., [@B66]; Aisa et al., [@B1]; Maccari and Morley-Fletcher, [@B43]). Specifically, a study demonstrated that mice submitted to learned helplessness paradigm or chronic mild stress procedures showed poor water maze performances (Song et al., [@B66]). Here, we observed that chronic CORT administration impaired spatial cognitive retention in both mazes. Moreover, because the BM evaluates cognitive function with minimal stress to the animal (vs. the MWM), we confirm that poor performances after chronic glucocorticoid treatment in both mazes are the result of cognitive impairment, rather than a possible effect of stress. Memory retention was also investigated in CORT-treated mice using the NORT. This test strongly relies on visual recognition memory and is based on rodent\'s exploratory behavior and spontaneous preference for novel objects (Ennaceur and Delacour, [@B22]). Notably, this task has been a model of short-term episodic memory as mice are able to recognize the familiar object up to a few hours post-training (Bertaina-Anglade et al., [@B3]). In our study, CORT-treated mice had no difficulties to distinguish between the two objects, but showed an important alteration on short-term memory characterized by a lower discrimination index compared to control mice. Non-spatial NORT is commonly described as a hippocampal-independent task. However, a recent report proposed that the hippocampus was required in this episodic short-term memory test (Cohen et al., [@B12]), thus raising the hypothesis that lower discrimination index of CORT-treated mice could be attributable to morphologic molecular and cellular changes in brain processes, especially in neurogenesis adaptation. Current studies investigating the relationship between non-spatial NORT and adult hippocampal neurogenesis led to conflicting findings: adult hippocampal neurogenesis alteration is linked either negatively (Jessberger et al., [@B39]; Cohen et al., [@B12]) or positively (Denny et al., [@B16]; Oury et al., [@B58]) to the novel object discrimination. It seems, at least that the functional integrity of the dentate gyrus is involved in the non-spatial NORT.

We also investigated long-term memory in the BM 1 week after the first probe trial, in similar conditions. In this spatial test, learning behavioral profile in CORT-treated mice makes difficult to interpret the long-term memory assessment. Although acquisition learning and memory were affected in CORT-treated mice, they still succeeded to learn the task. Comparing performances on Day 5 vs. 12 in CORT-treated mice, we showed that these animals lost their ability to locate the target hole a week after the last trial. This finding is in a favor of a change in long-term retention induced by the chronic CORT treatment. Similarities in long-term behavioral changes were observed in a study performed by El Hage et al. ([@B20]), where mice exposed to a unique traumatic stress showed spatial disabilities in the radial maze that persisted beyond a long period, leading to long-term impaired memory.

Translational applicability of our results
------------------------------------------

In humans, common physiological mechanisms involving hypothalamo-pituitary-adrenal (HPA) dysfunctions link stress-induced mood disorders and cognitive impairments. It has been shown that enhanced HPA axis activity induced adverse effects on cognitive performances in MDD subjects (Gomez et al., [@B28]; Hinkelmann et al., [@B38]). Substantial evidence shows that cognitive symptoms affect a large subset of patients with unipolar depression (for review Marazziti et al., [@B45]; Trivedi and Greer, [@B69]). Specifically, the characteristic cognitive profile includes impairments in pattern recognition memory, processing speed, visuo-spatial memory or executive function (McDermott and Ebmeier, [@B46]). Visuo-spatial learning deficits are well-documented through various automated neuropsychological test battery (Austin et al., [@B2]; Porter et al., [@B60]; Egerhazi et al., [@B19]). In a recent meta-analysis in early MDD, Lee et al. ([@B42]) employed data from 644 patients from 13 different studies, and showed that patients with a first major depressive episode had significant visual learning impairments compared with healthy controls. Similarly, a clinical study assessing neuropsychological functioning showed that major depressive episode patients displayed spatial working memory alterations (Bourke et al., [@B7]). Few studies aimed at evaluate the cognitive flexibility in unipolar subjects. However, several studies showed that major depression can impair cognitive flexibility (Degl\'innocenti et al., [@B15]; Deveney and Deldin, [@B17]; Murphy et al., [@B51]), an effect that could persist even after MDD remission (Hasselbalch et al., [@B37]).

Study limitations
-----------------

The mouse CORT model is a chronic exposure method optimized for use in modeling the persistent anxiety/depression-like state in rodents. Allowing multiple behavioral tests in the same animals, the CORT procedure is an etiologically relevant model of depression that is easily replicable between and within laboratories (Gourley and Taylor, [@B30]; Mendez-David et al., [@B48]). However, it does not fully replicate the core pathology of MDD, as animals in this model are not facing environmental stressors, or the greater female susceptibility observed in the disease (Guilloux et al., [@B32]). Although, it benefits from its reliability and repeatability compared to standard models of depression. Indeed, learned helplessness or chronic mild stress (CMS) procedures are hampered by protocol variability in rodents (Nestler et al., [@B55]), probably leading to the low reports of co-occurrence of anxiety and depression-like behaviors as well as learning-memory impairments in such a model (Gomez et al., [@B27]; Haridas et al., [@B36]).

Conclusion {#s5}
==========

Our results highlight that altered emotional phenotype after 4 weeks of chronic CORT treatment induced a cognitive deficit that affects all aspects of learning and memory, especially episodic, associative and visuo-spatial systems in mice. Because cognitive symptoms have a substantial impact on functional recovery and disability associated with depression, therapies are needed to improve or preserve cognition. Future research in this area should evaluate potential cognitive properties of antidepressant in mice under stressful conditions. Considering the controversial results in the literature about beneficial (Song et al., [@B66]; Couto et al., [@B13]) or detrimental (Gumuslu et al., [@B33]) effects of chronic monoaminergic antidepressant drug treatment in cognition, it will be worth to investigate whether chronic antidepressant administration ameliorates cognitive performance in the chronic CORT model. The strong reliability of this animal model of anxiety/depression (see Mendez-David et al., [@B49], for review) will certainly allow the dissection of the mechanisms linking depression, cognitive impairments and antidepressant-treatment response.
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